We have proposed a new method to accurately predict the resonance of Fabry-Perot Cavity (FPC) antennas enclosed with conducting side walls. When lateral directions of an FPC antenna are not blocked with metallic walls, the conventional technique is accurate enough to predict the resonance of the FPC antenna. However, when the FPC antenna has side walls, especially for case with only a short distance between the walls, the conventional prediction method yields an inaccurate result, inevitably requiring a tedious, time-consuming tuning process to determine the correct resonant height to provide the maximum antenna gain in a target frequency band using three-dimensional full-wave computer simulations. To solve that problem, we have proposed a new resonance prediction method to provide a more accurate resonant height calculation of FPC antennas by using the well-known resonance behavior of a rectangular resonant cavity. For a more physically insightful explanation of the new prediction formula, we have reinvestigated our proposal using a wave propagation characteristic in a hollow rectangular waveguide, which clearly confirms our approach. By applying the proposed technique to an FPC antenna covered with a partially reflecting superstrate consisting of continuously tapered meander loops, we have proved that our method is very accurate and readily applicable to various types of FPC antennas with lateral walls. Experimental result confirms the validness of our approach.
Ⅰ. Introduction
In the history of antenna research and development, enhancement of antenna gain has continuously been an area of focus for a variety of research groups. Using cavities surrounding antennas is one solution to efficiently increase antenna gain. Fabry-Perot cavity (FPC), electromagnetic band gap (EBG) or partially reflecting surface (PRS) superstrate are all categorized into cavity-type antennas [1] ～ [5] .
A detailed method of computing a cavity resonance condition to obtain maximum antenna gain was analyzed by Trentini [6] . Trentini described directivity with a reflection coefficient of a partially reflecting superstrate, a wave traveling distance in a cavity composed of the superstrate and a ground plane, where a resonant height, i.e. the cavity height can be determined from the phase of the reflection coefficients of the superstrate and the ground plane.
The conventional resonance prediction technique described by Trentini [6] is very easy and accurate for predicting an antenna's resonant height. Therefore, it is not hard to find various successful examples of applying the conventional technique [7] ～ [10] . However, when lateral directions of the antenna are enclosed with metallic side walls, a prediction result obtained from the conventional resonance prediction method has a large error. In general, the shorter the distance between the side walls yields the larger the error in prediction of a resonant height.
In this paper, we have proposed a simple but precise way to accurately predict the resonant heights of antennas consisting of partially reflecting superstrates and substrates such as FPCs, EBGs, and PRSs.
To examine the validity of our approach, we fabricated a somewhat complicated PRS superstrate composed of square meander copper loops of similar figures, which consists of an FPC antenna. The experimental data proved that the predicted resonant height is much more accurate than that obtained using the conventional technique, which confirms the usefulness of our approach.
Ⅱ. Conventional Prediction Technique
The operational principle to increase antenna gain using Fig. 1 . Principle of increasing antenna gain using cavity resonance, which is composed of the substrate and the superstrate.
a cavity consisting of a substrate and a superstrate is depicted in Fig. 1 . In general, the superstrate is a PRS and the substrate is a ground plane, therefore, the reflection phase (2) of the substrate is normally close to 180°. The reflection phase ( 1 ) of the superstrate is largely dependent on the unit cell geometry of the superstrate. In other words, antenna designers can obtain an arbitrary value of  1 by selecting appropriate geometry of unit cells and changing sizes of the unit cells.
In Fig. 1 , a trajectory of only one ray is shown, which has a launching angle of θ from the antenna placed right on the ground plane. We can find two individual radiating paths of 1 and 2, and the phase difference (Θ1) between them is computed as
where k0 is a wave propagation constant in free space. Let us assume that the substrate is a normal ground plane, which is a general case in numerous antenna applications. After some mathematical manipulations, directivity of the antenna can be written as [6] :
The maximum directivity in the antenna's normal direction (θ=0) presents a condition of cavity resonance, which determines the resonant height (h) as following:
where N is an integer and λ is a free space wavelength. That is to say, if we satisfy the resonant height derived in eq. (3), then we can obtain maximum antenna gain in a normal direction of the antenna. Actually, eq. (3) is very simple and accurate for predicting antenna heights, which is fairly helpful for saving time required for a somewhat complicated threedimensional fine tuning process.
Ⅲ. Advanced Prediction Technique
In general, the cavity shown in Fig. 1 has only two walls of the substrate and the superstrate. In that case, a portion of energy inevitably leaks out of the cavity through the openings in lateral directions, which causes an unnecessary gain drop. To prevent the leakage and to raise the antenna gain, we can block all openings in the lateral directions with metallic walls. Then, now the cavity is completely enclosed with six walls, i.e. four metallic side walls, one bottom ground plane, and one top PRS.
At this point, we need to check the validity of our prediction method to determine whether eq. (3) is accurate enough to predict the resonant height while providing the maximum gain. If the ground plane and the PRS are larger than several wavelengths, then eq. (3) is valid. However, when the distances between side walls facing each other are shorter than one or two times the wavelength, then eq. (3) does not provide an accurate prediction. The prediction error is inversely proportional to the distance between the side walls.
In this case, we need a different approach for a more accurate prediction, which can take the effect of newly installed metallic side walls into account. In previous research [11] , we proposed a new prediction formula modified from the resonance property of a rectangular resonant cavity [12] , in which coupling effects introduced by side walls are included as follows: 
In eq. (4), βx, βy, and βq are eigen wave numbers, which determine eigen-modes in each direction. Here, fq is a resonant frequency of the cavity, and is given by
where  h and  l are reflection phases of the superstrate and the substrate, respectively. Combining eqs. (4) and (5) gives a resonant height (h) of the cavity antenna (i.e. the FPC antenna), which is written as
Comparing eq. (3) with eq. (6) tells us that the correction factor of
is newly inserted in eq. (6), which can handle the possible eigen-modes generated in the cavity. Therefore, we can determine the resonant height more accurately with the help of eq. (6) .
Eq. (6) was derived using a basic principle of resonance in a rectangular cavity. However, considering the wave propagation behavior in a hollow rectangular waveguide presents us the same result derived in eq. (6), which is fairly important from a physical point of view.
In eq. (1), the first term is the phase difference caused by the different paths of 1 and 2 outside the cavity. However, the second term came from the wave traveling path in the cavity. Therefore, the wave number k0 should be corrected to another quantity that satisfies a dispersion relation in the cavity. At this point, we can consider the cavity a hollow waveguide supporting a slow wave traveling toward the z-direction, which is enclosed with metallic walls both in the x-and y-directions. Therefore, k0 the second term of eq. (1) should be replaced with k r , satisfying a wave equation in the waveguide, which is written as
where βx and βy are given in eq. (4). Consequently, eq. (1) should be corrected as
Inserting eq. (7) into eq. (8) gives a generalized expression of directivity written as
From the maximum directivity at θ=0,  h+  l2k r hcosθ should be an integer multiple of 2π to minimize the denominator of eq. (9), which results in exactly the same result relationship written in eq. (6) .
It is very important to note that the derivation of the modified resonant height h in eq. (6) from investigating boundary conditions of a hollow rectangular waveguide is not astonishing but quite natural, because the wave properties such as a wavelength and propagation velocity should obey wave characteristics in a hollow waveguide.
To examine the exactness of eq. (6) or eq. (9), we fabricated an FPC antenna. Its superstrate and unit cell geometry are shown in Fig. 2 . The unit cell is composed of square copper meander-loops etched on one side of 1.57 mm thick dielectric laminate with a relative permittivity of 2.2. For a more complicated situation for predicting antenna resonance, the superstrate is composed of tapered unit cells, which have different sizes in different columns as shown in Fig. 2 .
First, we computed each reflection phase of the superstrate and the substrate. One of them is shown in Fig.  3(a) . The black solid line is for the biggest loops in the first column, and the red broken line is for the ground plane. Because we have used a ground plane covered with a 1.57 mm thick dielectric layer with relative permittivity of 3.0, the reflection phase is a bit smaller than 180°. Substituting these phase values into eq. (3) and eq. (6), we can determine a resonant height, which will provide the highest gain in a normal direction. Different prediction results obtained by using the conventional and the proposed method are compared in Fig.  3 . As for the largest loops in the first column (p=1) of the superstrate shown in Fig. 2 , the conventional method presents h3=68 mm. For the smallest loops that have a size of 92 % of the largest loops, it predicts h2= 70 mm. The proposed method results in h 1 =86 mm for the largest and the smallest loops, which has a large discrepancy with the results determined from the conventional way. Through the simulation and experiment, we determined that the resonant height of h=82.8 mm gives the maximum gain and the radiation bandwidth in the target WiBro frequency band.
There is an alternative way to predict the resonant height using image theory, which is depicted in Fig.  4(a) . This method forms a fictitious image structure of the superstrate beyond the ground plane, removes the ground plane, and finds the distance that gives the highest transmission at the required frequency point. The prediction result using the image theory is shown in Fig.  4(b) , which provides resonant frequencies ranging from about 1.9 GHz to 2.0 GHz. Therefore, we can conclude that the alternative image theory is much more inaccurate compared to the proposed formula. To see the prediction error quantitatively, we compared the maximum directivity obtained from both the conventional formula and the proposed formula, which is shown in Fig. 5 . In  Fig. 5 , we can see not only the frequency difference but also the magnitude of directivity, which is very helpful to get the feel for antenna operation. Because all the formulas are based on an infinitely large antenna, the directivity values shown in Fig. 5 are much greater than real values, which is not possible to obtain with a proposed size of the antenna. . Fabricated FPC antenna with a=17 mm, d=1.57 mm, wx=35 mm, wy=21 mm, lo=7 mm, lz=86 mm, and h= 82.8 mm.
To investigate the validity of our approach, we have fabricated an FPC antenna, which is shown in Fig. 6 . For an initial wave launching from the bottom of the FPC, we have used a direct probe-fed rectangular micro strip patch antenna. To obtain a wide radiation bandwidth and high gain, the superstrate is composed of tapered unit cells decreasing from the center column (p=1) toward the edge column (p=18) and the resonant height h is fixed to 82.8 mm after a fine-tuning step through some numerical simulations.
The input reflection coefficient (S 11 ) is compared with the measured data, as shown in Fig. 7 . As for S11, the first measured impedance matched frequency relatively well with the prediction. However, the second frequency point shows discrepancy of about 50 MHz, which might be caused from an unexpected gap between the side walls and the superstrate generated from imperfect fabrication. Impedance matching properties (shown in Fig. 7(a) ) can be analyzed in more detail using the Smith chart presented in Fig. 7(b) . Three points on the Smith chart correspond to the frequencies of zero reactance. The values at three frequency points shown in Fig. 7 (b) are matched well with S 11 property shown in Fig. 7(a) .
Predicted realized gain was also compared with experimental data (see in Fig. 8 ). Regarding realized gain, two data show relatively good agreement. As shown in Fig. 6 , by using continuous tapering in cell sizes, we can obtain relatively flat gain values in the target frequency band. This behavior can be expected from resonance prediction result given in Fig. 3(b) , which satisfies an FPC resonance condition in the whole target frequency band.
Ⅳ. Conclusion
We have proposed a new method to predict the resonant height of an FPC antenna enclosed with metallic walls. By introducing resonance behavior of a rectangular resonant cavity to the new prediction formula, we can increase the accuracy of resonance prediction, which provides much a more precise result than that from the conventional approach. In addition, by investigating the new formula by analyzing a dispersion relation in a hollow rectangular waveguide, we can provide a solid physical background of the proposed formula. Therefore, with the help of the new approach, we can design FPC antennas faster and easier, which is obviously advantageous from a practical point of view. 
